INTRODUCTION
To increase the throughput of sample preparation in lab-on-a-chip devices, free-flow zone electrophoresis (FFZE) has widely been adapted to separate the molecules of interest based on the charge-to-mass ratio from a sample volume of ~100 μL in a continuous fashion. Several approaches have already been taken to develop continuous free-flow zone electrophoresis in a microfluidic chip format. [1] [2] [3] The key engineering issue has been how to couple an electric field efficiently into the sorting process while creating a hydrodynamic barrier between the separation channel and the electrode reservoirs. So far, acrylamide gels 4, 5, 6 , microchannels [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , partitioning 18, 19 and dielectric materials such as glass 20 have been used as salt bridges. Curing the acrylamide gel inside the PDMS devices, however, has been challenging due to the oxygen barrier on the surface and, therefore, glass has been used as alternative material despite requirements for complex fabrication and separate masks for the polymerization of the membranes. In addition, gel membranes show limited stability under hydrodynamic pressure-driven flow. 21 Although an open connection between the separation channel and the reservoirs allowed the highest electric field across the separation channel 8 , control of the flow rate was challenging, requiring a high flow rate of the electrolytes in the side channels at [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] μL/min. Recently, the same group has used channel depth variation to control the flow in a 20 μm deep separation channel versus a 78 μm electrode channel and achieved ~91% coupling efficiency of applied voltage. 9 Using higher channel depth to control buffer flow over the electrodes increased the linear velocity ~15 times that of the buffer in the separation channel and removed electrolysis products for more stable separation process. A dielectric wall is another available solution for the membrane, allowing 50% of the electric field without constant flow of the electrolyte solutions. 20 However, glass chips require wet etching steps and they are therefore more difficult to fabricate than PDMS chips.
In this paper, we are demonstrating a simple fabrication method of high-aspect-ratio membranes for free-flow zone electrophoresis in microfluidic PDMS devices. To meet the requirements of an efficient coupling of the voltage from the electrode channels into the sorting channel while offering sufficient hydrodynamic resistance, we have utilized selfassembled microbeads after plasma bonding to a PDMS chip to create a nanoporous junction between the sorting channel and the electrode channel. A similar approach has been proposed by the Jensen group with PMMA microbeads. 22 However, a tunable membrane hasn't been demonstrated. These pores with approximately 15% of the bead diameter, act as a salt bridge between the sorting channel and electrode channels. Additionally, the pores allow infiltration of hydrogel solutions to modify the surface charge of the microbead membrane on each side independently. This surface charge modification allows building an ion-selective membrane that can minimize a migration of the charged molecules to the opposite-polarity electrode, thus reducing a sample loss through the membrane during freeflow electrophoresis. Molecules, especially those with high or low pI values, are deflected through the membrane at high electric field and are lost into the electrode reservoir. For electrical connection, we continuously filled the electrode channels with a strong electrolyte solution such as 3M KCl, and placed Pt wires directly above each electrode channel outlet. 23 In this way, a voltage could be applied across the sorting channel without the bubble formation by electrolysis affecting the sorting process and without adding a redox-couple to the electrolyte 24 . With this device, we demonstrated free-flow separation of peptides and dyes at flow rates up to 2 μL/min and validated the sample loss after sorting with a UV-Vis spectrophotometer. Compared to other previously published microfluidic free-flow zone electrophoresis devices, our sorting chip with a mechanically robust and chemically tunable membranes allows an electrical coupling efficiency of up to 52% (comparable to the dielectric wall device with 50% coupling efficiency 25 , however, lower than the multipledepth micro free-flow zone electrophoresis device with 91% coupling efficiency 9 ) at minimal dilution and sample loss. This can lead to a powerful pI-based peptide / protein separation tool with minimal sample loss in a high-throughput fashion.
MATERIALS AND METHODS

Chip Fabrication, Device Operation and Materials/Reagents
See supporting information.
Microbead Preparation
We used three different sizes of the silica beads for the packing process (3, 4, 5 μm, all from Polysciences Inc.) and 6 μm polystyrene beads (Polysciences Inc.). To increase the flowability of the beads into the microchannel, we sonicated the bead suspension in an ultrasonic bath for 30 min. Prior to sonication, we exchanged the DI solution of the bead suspension with a 1 mM poly(L-lysine)-grafted-poly(ethylene glycol) (or PLL-g-PEG) copolymers. The advantage of exchanging the solution is that the PLL-PEG can be used to passivate the surface of the microchannel against non-specific binding during the evaporation-driven packing process of microbeads and it helps to reduce the electroosmotic flow (EOF). The polycationic PLL backbone interacts with the negatively-charged surface and builds a monolayer. 26 To increase the packing density, the PDMS channel was filled with a bead suspension immediately after oxygen plasma bonding while it was still hydrophilic. Once the bead channel has been filled, it was dried out completely inside the device for overnight. To modify the surface charge, we used a cation-selective hydrogel solution (40%) to fill the porous structure on the cathodic side of the sorting channel and an anion-selective hydrogel solution (40%) on the anodic side of the channel and cured them completely under UV light for 30 min. To make 40% hydrogel, we prepared HEMA (monomer) with acrylic acid (for negatively-charged hydrogel)/DMEAEMA (for positivelycharged hydrogel), EGDMA (cross linker) and DMPA (photoinitiator) at a ratio of 60:24:2:4 wt%. 27 To improve the filling characteristic of the anion-selective hydrogel solution in the porous silica matrix, we reduced the content of DMEAEMA from 40% down to 30%.
Measurement with NanoDrop 2000 Spectrophotometer
To quantify the sorting result and sample loss after each sorting process, we collected 10 μL of the sorted samples at the end of the device with inverted pipette tips and analyzed them with a Spectrophotometer (Thermo Scientific Inc., NanoDrop 2000, NC). For UV measurement, only a micro drop of 1 μL sample was required.
RESULTS AND DISCUSSION
To meet the requirement of an efficient coupling of the electrical field while creating sufficient hydrodynamic resistance of the membrane to the sample flow during free-flow zone electrophoresis, we have used an evaporation-driven microbead self-assembly method. 28, 29 In Figure 1a , the schematic of such a μFFZE (micro free-flow zone electrophoresis) device with a single inlet is shown. To trap the microbeads in the bead filling channels, we used an array of cylindrical pillars patterned with a different gap size (1, 2 or 3 μm) on both sides of the bead packing channel. For secure trapping, the microbeads used were at least 2 μm larger than the gap size. Previously, our microfluidic sorting device had three inlets with two inlets for buffer solutions to focus the sample flow hydrodynamically. 23 This, however, caused an excessive dilution of the sample. To avoid this problem, a single inlet design has been adapted without hydrodynamic focusing. Such a single inlet sorting device in PDMS is shown in Figure 1b along with a microbead membrane inside the device (Figure 1c) . The sorting channel was 1 mm wide, 5 mm long and 13 μm deep. The sample mixture was binary sorted into positively and negatively charged samples through two outlet channels. However, this new design required a longer migration length of sample molecules for complete separation, rendering the need for efficient electric field coupling in the device crucial. To validate the sorting capability of the device with a 3 μm bead membrane, we first tested a negatively charged Alexa Fluor 488 dye in 5 mM buffer solution at pH 7.0. The dye was deflected towards the anodic side when V applied = 50 V was applied, as shown in Figure 1d . Using the same electric field, a mixture of two pI markers, pI 5.1 and 8.1, was separated into two streams and binary sorted into two different outlets, as shown in Figure 1e .
To characterize the self-assembled microbead membranes, we measured I-V curves of different bead sizes, as shown in Figure 2 . In the case of the 3 μm, 4 μm and 5 μm silica beads, the effectively coupled electric field could be calculated with the measured total current i total at a given voltage, e.g. 50 V. For the 3 μm silica bead membrane, the effective potential across the sorting channel was V effective =V applied -V junction -V electrode = 18.22 V when V applied = 50 V was applied (see the calculation of effectively coupled electric field for different bead sizes in supporting information). This result means that ~36% of the applied potential was coupled through the 3 μm silica particle membrane into the sorting process. The coupling efficiency increased to ~44% with the 4μm beads and to ~52% with the 5 μm beads. This coupling efficiency is comparable to that of the glass-walled FFZE device. 25 As these results demonstrated, we can tune the effectively coupled electric field into the sorting process by varying the microbead size and thereby its corresponding pore size.
Being a porous solid matrix, the microbead membranes allow for an infiltration of hydrogel solutions. In this way, the porosity of the microbead membranes can be reduced and the surface charge altered on each side differently. This altered surface charge can be utilized to minimize the loss of a sample through the microbead membrane during free-flow electrophoresis. The polarity of the electrodes has to be selected according to the ion selectivity of the membranes (anode paired with the cation-selective and cathode paired with the anion-selective hydrogel membrane). However, coupling efficiency of the electric field is affected by the infiltration of a hydrogel, as shown in Figure 2b . After infiltration with a hydrogel, the effective coupling efficiency decreased to ~33% for all three microbead sizes.
To characterize the sorting efficiency at different electric field strengths, flow rates and particle sizes, we used two pI markers, pI 5.1 and 8.1, and measured the fluorescence intensity profiles across the sorting channel just before the bifurcation, as shown in Figure  1e . The sorting efficiency η, measured as a ratio of the fluorescence intensity before and after sorting in the middle of the sorting channel (x = 500 μm) where the separated samples were bifurcated, increased with higher electric field strength and reached ~85% at E effect = 52.8 V/cm in the case of 4 μm bead device (see Figure S-1 and Table S-1 in supporting information). By increasing the residence time two-folds (through decreasing the flow rate from 2 μL/min to 1 μL/min), sorting efficiency of 85% could be reached at E effect = 39.6 V/ cm (see Figure S-2 and Table S-2 in supporting information). With a larger pore size (5 μm), sorting efficiency of 82% could be achieved at E effect = 41.6 V/cm and 95% at E = 72.8 V/ cm (see Figure S-3 and Table S-3 in supporting information). A summary of this parameter study is given in Figure S -4. Comparable field strength (50 V/cm) was applied to achieve a stable separation in multiple-depth device at a buffer flow rate of 0.375 mL/min. 3, 30 In another PDMS device, fluorescein, rhodamine 110 and labeled amino acids were separated at electrical field strength of 137 V/cm 7 , while in glass devices, higher electric fields up to 586 V/cm were possible. To demonstrate the effect of surface charge on minimizing sample losses, we used a negatively charged dye, Alexa Fluor 488, as a test sample. The microbead membranes were infiltrated and sealed with a positively and negatively charged hydrogel. First, the dye was contained in a sorting channel without applying a voltage across, as shown in Figure 3a . When a voltage of E effect = 36 V/cm was applied across the sample flow, the negatively charged dye was deflected towards the anode, but blocked by the cation-selective hydrogel membrane, as shown in Figure 3b . When the polarity of the electrode was reversed, however, the negatively charged dye was passing through the anion-selective membrane into the electrode reservoir towards the anode (Figure 3c ). As demonstrated in this example, exploiting the ion selectivity of the hydrogel-infiltrated microbead membranes can lead to a significant decrease in sample loss during free-flow electrophoresis, which has not been demonstrated previously. We used these hydrogel-infiltrated microbead membranes to separate two pI markers, as shown in Figure S-5 (see supporting information) . Negatively charged pI marker 5.1 was deflected to the anodic side, but was clearly repelled from the cation-selective membrane. On the cathodic side, positively charged pI marker 8.1 was also retained by the anion-selective membrane.
In addition to the fluorescence microscopy, we also verified the sorting result with a UVspectrometer. Using pI marker 4.0 in pH 7.0 buffer solution, we quantified the sorting result before and after sorting by collecting the fractionated samples out of the device. Without applying a voltage, both the anodic and cathodic sides showed approximately equal distribution of the pI marker ( Figure S-6a in supporting information) . After sorting, the anodic side showed an increase of the negatively charged pI marker by ~73%, while there was a removal of the pI marker by ~78% on the cathodic side. The comparison of the total absorbance from the collected samples without (0 V) and with sorting (80 V) showed a difference of only 0.04 (see Table S -4 in supporting information). In the case of a positive peptide with pI 10.3, it was removed by ~95% from the anodic side while it was increased by ~106% on the cathodic side ( Figure S-6b in supporting information) . The comparison of the total absorbance before and after sorting showed again that the sample loss through the membrane was also minimal with a difference of only 0.09 (see Table S -5 in supporting information).
CONCLUSIONS
We have developed a free-flow zone electrophoresis device in PDMS with membranes out of self-assembled microbeads. By using different silica microbead sizes for packing inside the microchannel, we were able to control the amount of the electric field coupled into the continuous-flow sorting process from 36% up to 52%. Furthermore, the porous microbead membrane allowed infiltration of hydrogel solutions so that the surface charge of the membrane can be tuned to act as an ion-selective membrane. By infiltrating and sealing with a negatively and positively charged hydrogel in the microbead membranes inside the same device, we could prevent the sample from crossing the ion-selective membranes into the electrode channel when deflected under electric field. With the help of these hydrogelinfiltrated bead membranes, we could separate the pI markers and validated a near loss-free recovery confirmed by the UV spectral analysis. The microbead membranes combine the advantages of tunability in terms of the amount of coupled electric field and the rich surface chemistry available for silica beads with the robustness of the membrane for pressuredriven, high-throughput pI-based fractionation of proteins and peptides. The microbeadbased membrane opens up further opportunities to implement temperature-, pH-and ionic strength-controlled gating in a micro-nanofluidic platform and to study nanofluidic transport which offers unique opportunity for chemical operations such as molecular concentration and ion selection of biomimetic membranes. Using this tunable membrane, it would be possible to control the permeability in-situ depending on the size and charge of molecules.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Characterization of the microbead membranes with a measurement of I-V curves at different bead sizes (3, 4, 5 μm). a) The result shows a linear dependency of the total current from the applied voltage. Increasing bead size allowed higher total current coupling into the device due to larger pore size. b) I-V characterization of the microbead membranes infiltrated with a hydrogel. The total current was less dependent from the bead size because of the infiltrated hydrogel. At higher voltages above ~70 V, however, the difference between the bead sizes became noticeable. Infiltration of a hydrogel solution to modify the surface charge of the microbead membrane (3 μm beads) for binary sorting. a) To minimize the sample loss through the nanoporous bead membranes, we have infiltrated cation-(CS) and anion-selective (AS) hydrogel into the microbead matrix on the anodic and cathodic side, respectively. A negatively charged dye inside the channel before applying electric field, b) the negatively charged dye cannot pass through the cation-selective membrane inside the sorting channel at 1μL/min and V applied = 120 V. c) After the polarity of the electrodes was reversed, the negatively charged AlexaFluor 488 dye could pass through the anion-selective membrane into the electrode reservoir. The leaked dye was migrating towards the anode.
